ABSTRACT This paper presents a practical control strategy for motion control of a pneumatic muscle actuated the system. Pneumatic artificial muscle (PAM) exhibits strong nonlinear characteristics which are difficult to be modeled precisely, and these characteristics have led to low controllability and difficult to achieve high precision control performance. This paper aims to propose nominal characteristic trajectory following (NCTF) control system, which emphasizes simple design procedure without the need of exact model parameters, and yet is able to demonstrate high performance in both point-to-point and continuous motions. However, the conventional NCTF controller does not offer a promising positioning performance with the PAM mechanisms, where it exhibits large vibration in the steady state before the mechanism stopping and tends to reduce the motion accuracy. Therefore, the objective of this study is to improve the conventional NCTF controller by removing the actual velocity feedback to eliminate vibration problem, added an acceleration feedback compensator to the plant model, and a reference rate feedforward to solve low damping characteristic of the PAM mechanism simultaneously improve tracking following characteristic. The design procedure of the improved NCTF controller remains easy and straightforward. The effectiveness of the proposed controller is verified experimentally and compared with the conventional NCTF and classical PI controllers in the performances of positioning and continuous motion. The improved NCTF controller reduces the positioning error up to 90% and 63% as benchmarked to the PI and conventional NCTF controllers, respectively, while it reduces up to 92% (PI) and 95% (NCTF) in the tracking error.
I. INTRODUCTION
In the year of 1950, McKibben pneumatic artificial muscle was originally invented by J. L. McKibben [1] . Pneumatic artificial muscle (PAM) is a unique unidirectional actuator, which has merely similar force-contraction profiles as the skeletal muscle. Both PAM and skeletal muscle exhibit similar macroscopic shape change when activated. The PAM is made by an expandable rubber tube, and the rubber tube is
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surrounded by an inextensible braided shell. The rubber tube is increasing in volume when the pressurized air is supply. Due to the inextensibility of the braided shell, it limits the rubber tube to enlarge in radius but shortens axially. When depressurized, the PAM returns passively. Thus, the PAM has only one active action where it contracts via pressurized air to exert a pulling force.
As compared to conventional actuators, the PAM has simpler structure, lighter weight, higher power-to-weight ratio and higher safety in use. Owing to these factors, the PAM has been widely used in the power assist devices [2] - [5] , biomimetic robot [6] - [10] , medical applications [11] , industry machinery [12] , [13] and so on. However, the PAM system exhibits significant nonlinear characteristics such as hysteresis, low damping ability and creep phenomenon, which are caused by the air compressibility, the internal friction and the deformation of the elastic tube. The condition of low damping ability of PAM mechanism will consequently result in pressure response delay and oscillatory motion. These limitations are restricted the applications of the PAM in high precision control system because of its low controllability. Hence, it is challenging to achieve the high speed and high accuracy motion of the PAM system. To further extend the applications of the PAM, an enhancement of its positioning accuracy is required.
To deal with the nonlinearity of PAM mechanism, a proportional-integral-derivative (PID) controller was incorporated with the feedforward hysteresis compensation that describes the static hysteresis behavior of the PAM mechanism [14] , [15] . However, the static hysteresis compensator is not robust enough to compensate the nonlinearity and does not offer a promising performance in the higher tracking frequency. Over the years, nonlinear model-based control approaches, such as sliding mode control (SMC) [16] - [19] , backstepping control [20] , [21] , saturated adaptive robust control [22] , switching model predictive control [23] , and variable structure control [24] have become another important solutions to achieve high positioning performance for PAM systems. Aschemann and Schindele [16] have successfully proposed SMC including a nonlinear disturbance observer for a high speed linear axis driven by pneumatic muscles actuated system. The best tracking accuracy achieved is on the order of 3.5 mm. In the same year, the same team has designed a backstepping control for the same experimental setup, and the best tracking accuracy reported was smaller than 0.2 mm [21] . In [18] , Cao and his team have realized a new MIMO SMC on a PAM actuated robotic mechanism that of for rehabilitation purpose. They examined the control performance of the joint angular trajectory by varying different input frequencies and reported that the highest trajectory accuracy was 3.11 • . In fact, the performances of these controllers are relying on the accuracy of the identified model and its parameters.
To solve the problem of the unmodeled or unknown parameters in the model-based control, various learning intelligent controls were proposed to fine-tune the control parameters, such as advanced intelligent nonlinear PID control [25] , [26] , fuzzy PD+I control [27] , adaptive fuzzy SMC [28] - [30] , hybrid fuzzy-neural control [31] and switching predictive approaches [32] . The intelligent control with learning capability provides satisfied positioning performance. However, the nonlinear models are required for this controller as well. Also, the controller design is complex and requires sufficient knowledge of the intelligent algorithms. Many good control approaches have been stated in the literature, they demonstrate a good performance for the PAM mechanism. However, they have a similar issue, which they have complex control structure and complicated design procedure. In the industry, those controllers are impracticable for the engineers who have inadequate knowledge of the control theory. In year 2013, Woods and his team [33] have proposed a control approach that requires no system model and no prior information about the desired command signal for an active rotor system that driven by the PAMs. This practical control strategy was evaluated, and a promising tracking performance was shown especially in high speed performance. Overall, the output has given good impact in the field of PAM, and it has encouraged us to further investigate the usefulness of the PAM system in achieving better accuracy performance of PAM system, especially in small working range.
Nominal characteristic trajectory following (NCTF) control is a practical control method that highlights a simple control structure and straightforward design procedure, and yet it offers a promising positioning performance. The advantage of this controller is that the design procedure does not need the exact model parameters. The objective of this present study is to improve the NCTF control for a pneumatic muscle actuated system in order to achieve high positioning control. As such, a practical design procedure of the improved NCTF control is determined in reference to the conventional one. In the past three decades, the NCTF control has been improved to be useful in wider applications in industry, where they are the NCTF control, Continuous Motion NCTF control and Acceleration-Reference Continuous Motion NCTF control [34] . The performances of the NCTF control systems have been examined and clarified in various different types of mechanism, such as electric-motor driven typical mechanism with friction [35] - [39] , non-contact mechanism [40] - [42] , and pneumatic actuator [43] . In achieving high positioning control performance of a PAM system, the conventional NCTF controller suffers of less positioning accuracy and low following characteristic in tracking motion. In addition, the conventional NCTF control system tends to exhibit vibration in high tracking frequency. Therefore, the conventional NCTF control structure is improved in the reason to enhance positioning accuracy in positioning and tracking motions.
In the next section, the experimental setup that used for the performance evaluation is described. Section III discusses the control concept of the conventional NCTF controller and its problems, then the design procedure of the improved NCTF controller is explained clearly in the following. In Section IV, the comparative results of the positioning and tracking performances between the improved NCTF controller, the conventional NCTF controller and the PI controller are evaluated. Lastly, the conclusion is remarked in Section V. Fig. 1 shows an experimental setup. A 2 kg mover is located in between the two pneumatic artificial muscles (PAMs) (FESTO DMSP-10-150N-RM-CM) to construct a linear antagonistic configuration. The two PAMs generate pulling forces to push and pull the mover in the horizontal way with the working range of ±2.4 mm. The motion of both the PAMs is governed by a 5/3-way proportional servo valve (FESTO MPYE-5-1/8LF-010-B), and the pressure supply is 0.5 MPa. For monitoring purpose, the pressure of both PAMs is measured by the pressure sensor (SMC PSE540A-01) with the resolution of 0.0012 MPa. To measure the displacement of the mover, a linear encoder (MicroE Systems MII5800-AB-200-5-1-0) with the resolution of 0.1 µm is used as a single feedback sensor in this mechanism. A data acquisition unit is interfaced with a host computer that installed MATLAB/Simulink software for the signal processing. The sampling frequency is 10 kHz (sampling time, T s = 0.1 ms). None of the practical adjustments were made to the experimental system while the control strategies were evaluated. 
II. PAM DRIVEN STAGE
where M is the mass of the mover, B is the damping coefficient, and K is the spring coefficient. F 1 and F 2 represent the contractile forces of PAM 1 and PAM 2, respectively. Then, the friction force between the mover and the linear guide is represented as F friction . Based on (1), the PAM mechanism is expressed as a third-order system. Due to the high nonlinearity of the PAM mechanism, these make the system model becomes complex and difficult to model it accurately. the nonlinearity dynamic. Also, the measured responses show zero overshoot and nonzero initial slope, where the PAM mechanism is estimated as a first-order system as shown below:
presents the comparison of a measured average response and an approximated first-order model based on (2) . The value of the k and τ are determined by approximating the estimated response to the measured average response. The estimated system gain, k and time constant, τ are 0.0826 and 0.034 s respectively. As referred to the Fig. 3(b) , the linearized model agrees with the experimental response at the transient response, but not at the steady-state. The creep phenomenon at the final state that found in the averaged experimental results does not agreed with the estimated one. The creep phenomenon can be observed, where the displacement of the mover is increasing at the final state over the time and not stationary at certain position although the constant input voltage is provided. Since the PAM is made from the rubber tube, this phenomenon can occur as a result of long-term exposure to high level of stress that is still below the yield strength of the material. However, the nonlinearity is not significant, and the PAM system can be roughly represented in first-order system. VOLUME 7, 2019
III. CONTROLLER DESIGN A. CONVENTIONAL NCTF CONTROL SYSTEM
Nominal characteristic trajectory following (NCTF) controller emphasizes a simple structure and straightforward design procedure without the need of exact model. Fig. 4 presents the control structure of the conventional NCTF control system. The NCTF controller is consist of two elements which are a nominal characteristic trajectory (NCT) and a PI compensator. The NCT is the reference motion trajectory that constructed on phase plane based on the measured actual open-loop response of the mechanism. The function of the NCT is to restrict the motion of the mechanism to follow along the determined trajectory. The deceleration motion of the mechanism in positioning is used to construct the NCT, which this motion is significantly affect the positioning performance with included the friction and saturation effects. As an advantage, the exact model and parameters of the mechanism are not needed to determine the NCT, which makes the design procedure simpler and more straightforward. For PI compensator, it drives the motion of the mechanism to follow the NCT macroscopically and end the motion at the origin of the phase plane. The PI gains are designed using a practical stability limit. The practical stability limit is obtained where the stability of the control system is considered based on the parameters of the measured open-loop responses and the NCT. The detail of the parameters will be explained in Section III.D. In short, the NCT is used to determine the virtual error rate reference, and the PI compensator is used for the velocity control. The control law, u c of the conventional NCTF controller is expressed in (3) . 5 illustrates the NCT and the plant motion on the phase plane. In the beginning, the PI compensator leads the object motion to reach the trajectory in reaching phase. Then, the following phase takes place after the object motion reached the trajectory. The PI compensator further leads the object motion to the origin of the phase plane. In other words, the PI compensator works for reduction of the difference of the NCT and the actual motion. in larger working range (2 mm), the PAM control system exhibits vibration and fails to perform in the fast tracking motion as presented in Fig. 7(b) .
To solve the problems of the conventional NCTF controller to the PAM mechanism, an improved NCTF controller is proposed to enhance the position accuracy and following characteristic of the system. Based on the conventional NCTF control structure, the improved NCTF controller is designed to fulfill the requirements, where it is able to: (A) eliminate the vibration in the fast tracking motion. (B) improve the damping characteristic that is able to reduce the oscillation in the steady-state response. (C) improve the following characteristic to reduce the tracking error.
C. IMPROVED NCTF CONTROL SYSTEM Fig. 8 shows the control structure of the improved NCTF controller for the PAM mechanism. To achieve the abovementioned requirements, the improved NCTF control has done the three changes, i.e., removing the actual velocity feedback (pure derivative block), adding an acceleration feedback compensator (double pure derivative blocks) and adding a feedforward of reference rate (pure derivative block). The working range of the constructed PAM mechanism is considered small, where it is just ±2.4 mm. In this small working range, the effect of the velocity response is 85516 VOLUME 7, 2019 insignificant to the input for the PI compensator, u p . Moreover, the derivative element in the control structure will amplify the measurement noise that tends to result in the vibration. Therefore, it is more important to eliminate static deviation than reduce difference between the error rate of the NCT and the actual velocity in small working range. As a solution, the actual velocity feedback,ẋ in the NCTF control structure has been removed in order to achieve requirement (A).
The low damping characteristic of the constructed PAM driven stage causes the mechanism tends to move easily, and results in large steady-state error that decreases accuracy of the motion control. To overcome this problem, an acceleration feedback compensator, K a is included to the plant model. The acceleration feedback is expected to be able to increase the damping effect of the PAM mechanism and fulfill requirement (B). With the acceleration feedback compensator, the simplified first-order model of the PAM mechanism has been increased to second-order system as shown in (4) . Feedforward compensator is always useful to enhance the motion accuracy of a control system. In the improved NCTF control, the reference rate,ẋ r is added as the input signal to the PI compensator in order to satisfy requirement (C). In continuous motion, the reference rate,ẋ r is effective to increase the movement of the mechanism rapidly and thus enhance the following characteristic of the mechanism. The PAM mechanism will perform small tracking error if it shows high following characteristics of its motion. The control law of the improved NCTF controller is formulated in (5). The constructed NCT of the conventional NCTF controller is adopted in the improved NCTF controller, while the PI compensator is required to redesign due to the changes of the control law. However, the controller design remains the simplicity of control structure and design procedure.
D. DESIGN PROCEDURE OF THE IMPROVED NCTF CONTROL SYSTEM
The design procedure of the improved NCTF controller comprises three major steps, which it can be designed based on the steps as follows:
1) CONSTRUCTION OF NCT
The NCT is constructed on the phase plane using the measured open-loop displacement and velocity responses during the deceleration motion. Fig. 9(a) presents the open-loop responses that are measured when the PAM mechanism is driven by a step input, u r of 4 V (80% of the rated input to the actuator). The modified input signal is a combination of an exponential input and a step input, with the purpose to produce a smooth velocity response during the deceleration. As can be read in Fig. 9(a) , the final displacement, x f is 2.4 mm. Fig. 9(b) illustrates the constructed NCT, and the inclination at origin of the NCT is referred as β.
2) DESIGN OF PI COMPENSATOR
The PI compensator is designed experimentally using a practical stability limit. The practical stability limit is defined as the margin of stability, and it is obtained based on the information of the measured open-loop responses and the NCT which they are referred to the transfer function of the estimated plant model and the inclination of the NCT, respectively. Both parameters are used to derive the equation of practical stability limit. The PI gains are selected under the stable region of the practical stability limit using the actual mechanism. Practical stability limit is found by driving the mechanism with the control structure as shown in Fig. 10 . The value of K p is increased until continuous oscillations at the steady-state in order to determine the proportional gain that indicates the existence of instability. Once the system is unstable, the gain is considered as actual ultimate proportional gain, K pu (K pu = 0.12 Vs/mm at 2 mm of the input reference). Based on the control structure in Fig. 10 with an integral gain, K i , the closed-loop transfer function is expressed in (6). By comparing the closed-loop transfer function to a second order system equation as shown in (7), the equations of proportional and integral compensator are derived as:
Using the obtained K pu and (8), the equation of practical stability, ξ p can be expressed as shown in (10) .
Fig . 11 illustrates the practical stability limit that shows the relationship between ξ and ω n T s . The ξ and the ω n that used to calculate PI compensator using (8) and (9), are selected from the stable region that bounded under the dashed line in Fig. 11 . In order to ensure the designed PI compensator is stable, it is selected further from the safety margin (area bounded under solid line). By examining experimentally, the PI gains at different safety margin with increment of 10% from the stability limit, the PI gains are eventually chosen at 70% of the safety margin. The PI compensator is chosen 30% of the values of ξ p that calculated from (10) . The use of high integral gain is used in this case to improve the positioning accuracy.
3) DETERMINATION OF ACCELERATION GAIN
The acceleration gain (K a = 1×10 −5 Vs 2 /mm) is determined experimentally for sufficient damping characteristic.
The design procedure of the improved NCTF control for pneumatic artificial muscle actuated system remains as simple as the conventional NCTF control [39] . In the improved NCTF control, K a is the only additional adjustable parameter. There are no extra experiments should be conducted to determine the control element. And, there are no any exact model parameters needed in the controller design.
E. STABILITY ANALYSIS OF THE IMPROVED NCTF CONTROL SYSTEM
The improved NCTF controller is experimentally designed under the stable condition. For further verification, the stability of the proposed controller is examined in detail. In general, the motion control of a mechanism is controlled by a digital controller. Thus, the discrete-time improved NCTF control system is used to analyze its stability. Fig. 12 shows the discrete-time improved NCTF control system. Using backward difference rule, the pulse transfer function of the NCT, G n (z), the PI compensator, G c (z) and the PAM mechanism, G o (z) are represented by (11)- (13) . With (11)- (13) , the pulse transfer function of the improved NCTF control system is obtained as stated in (14) .
Based on (14) , it proves that the coefficient of the pulse transfer function of the improved NCTF control system are functions of ξ , ω n T s and βT s . This finding is useful to show that the stability of the controller is dependent on the ξ and ω n . As the PI compensator is designed based on the ξ and ω n that bounded under stable region of the practical stability limit, therefore it expected that the practical stability limit is useful for the stability criterion of the control system.
where
IV. EXPERIMENTAL RESULTS
In this section, the experimental point-to-point positioning and tracking performances of the PAM drive stage are examined. The conventional NCTF controller and classical PI VOLUME 7, 2019 FIGURE 13.
Step response comparison between the PI controller, the conventional NCTF controller and the improved NCTF controller at 2 mm of the tuning reference. controller are used in the comparison in order to verify the effectiveness of the improved NCTF controller. Under the same input reference, the controllers are designed in order to achieve a comparable performance. Fig. 13 shows the optimum performance of the controllers, where the PI controller demonstrates slightly overshoot, and the conventional NCTF demonstrates no overshoot. The controller parameters of the controllers are summarized in Table 1 .
Figs. 14 and 15 illustrate the experimental positioning performances of the PI controller, conventional NCTF controller, and improved NCTF controller at 0.1 mm and 1 mm of the step height, respectively. In positioning, the improved NCTF controller demonstrates much better performance than the PI controller and the conventional NCTF controller. The improved NCTF controller shows slightly overshoot, but it has significantly reduced the rise time, settling time, and steady-state error. Table 2 presents the quantitative results of 10 experiments for each controller in average and standard deviation. The improved NCTF controller demonstrates the positioning accuracy within 0.7 µm at 0.1 mm and 2.3 µm at 1 mm, which it shows 90% and 83% of the improvement in positioning accuracy as benchmarked to the PI controller respectively. As compared to the conventional NCTF controller, the improved NCTF controller shows 22% and 63% of the improvement in positioning accuracy at 0.1 mm and 1 mm respectively. The acceleration feedback compensator efficiently eliminates the oscillation and enhances the positioning accuracy of the PAM mechanism. The improved NCTF controller also demonstrates shorter rise time and settling time than both PI and conventional NCTF controllers. Due to the fast transient response, the improved NCTF controller exhibits a slightly high overshoot at 0.1 mm of the small working range. However, the fast transient response has demonstrated its advantage in tracking performance, which will be discussed in the next paragraph.
Figs. 16 and 17 show the comparative tracking performances at different amplitudes (0.1 mm, 2 mm) of 0.1 Hz, while the comparative tracking performances of 0.3 Hz are showed in Figs. 18 and 19 . Each experiment is performed in 6 cycles. Table 3 and 4 summarize the average and standard deviation of 10 experiments for tracking errors. The root mean square (RMS) error and the peak error are calculated based on the equations as follows: Peak error = max
Again, the improved NCTF controller shows much better tracking performance than both PI and conventional NCTF controllers, which the improved NCTF controller has significantly reduced the tracking errors of the system. As observed in Figs. 18 and 19 , the improved NCTF controller shows a good tracking performance in the high frequency as well for the small and large working range. Both PI and conventional NCTF controllers could not follow the motion at the frequency 0.3 Hz and amplitude 0.1 mm, and they show larger tracking error in the high frequency. At 0.3 Hz and 2 mm, the conventional NCTF controller exhibits the vibration. Based on the Table 3 , the improved NCTF controller provides a consistency of tracking errors reduction in both low and high frequencies. In contrast to the PI controller, the improved NCTF controller improves RMS error about 92% at 0.1 Hz, and 88% at 0.3 Hz in average of all the amplitudes, while it improves peak error about 85% at 0.1 Hz, and 83% at 0.3 Hz. As compared to the conventional NCTF controller, the improved NCTF controller demonstrates higher percentage of improvement in tracking errors, which it improves about 95% in RMS error and 92% in peak error for all input references. The modified control structure in the improved NCTF controller successfully eliminates the vibration in the fast tracking motion. Also, the feedforward compensator efficiently improves the following characteristic. In contrast, the improved NCTF controller demonstrates better peak error reduction than the SMC that proposed in [17] . The peak error of the improved NCTF controller is 2.2% and 1.76% of the desired input at 0.1 mm and 2.0 mm for 0.1 Hz respectively.
Overall, it is clear to conclude that the improved NCTF controller has demonstrated a high positioning accuracy and fast tracking performance at different working range. The advantage of the improved NCTF controller is that it has a simple design procedure without involving any exact model parameters, and yet it is able to show a high precision motion and fast positioning performance in both point-to-point positioning and continuous motion.
V. CONCLUSION
In the present paper, a simple and practical control strategy has been proposed for the point-to-point positioning and tracking motions of the PAM drive stage, while the robust and stability performances are assured too. The improved NCTF controller has been designed and improved based on the conventional NCTF controller, in order to overcome the vibration problem in fast tracking motion, and low following characteristic. Based on the conventional NCTF control structure, the actual velocity feedback is removed in order to eliminate the static deviation. To overcome the low damping characteristic of the PAM mechanism, the acceleration feedback compensator is added. The acceleration feedback compensator is successfully eliminated the oscillation and enhanced the positioning accuracy. Furthermore, the reference rate feedforward is included to the input of the PI compensator as the objective to increase the movement pace of the mechanism and improve the tracking performance in continuous motion. The improved NCTF remains the simple design procedure as the conventional one. The effectiveness of the proposed controller was evaluated experimentally, and the performances were compared with the PI controller and the conventional NCTF controller. The experimental results indicate that the improved NCTF controller has achieved better performances than both PI and conventional NCTF controllers in both point-to-point and continuous motions. Overall, the improved NCTF controller has showed the capability in performing high precision motion and promising results for the PAM mechanism.
